Abstract: The present research intends to establish a numerical model, on the basis of a theoretical analysis, for describing and analyzing the electric field of High Voltage Direct Current (HVDC) wall bushing that demonstrates highly nonlinear characteristics. The wall bushing is subjected high voltage with nonlinear electric field and the relationship between the electric field intensity and the resistance of the insulators of the wall bushing is highly nonlinear. With a parameter design language of a Finite Element Analysis software package for carrying out the numerical calculations, the effects of the nonlinearity on the electric field can be well taken into consideration in performing the numerical assessment. A technique utilizing the numerical iteration is developed for quantifying the electric intensity of the electric field. With the model and the iteration technique established, the nonlinear characteristics of the HVDC wall bushing can be investigated with efficiency.
Introduction
The High Voltage Direct Current (HVDC) wall bushing is considered as one of the core components of major electrical equipment, especially for large-scale hydraulic power stations [1] . In electric engineering field and electric power industries, wall bushings are employed for providing insulation and support to the conductors of electric equipment. The conductors are usually surrounded with special insulation materials. Based on the types of insulation materials of the conductors inside the wall bushing, HVDC wall bushings are divided into the following categories of mono wall-bushing, oil-filled wall-bushing, insulating mixture-filled wall-bushing, and gas-filled wall-bushings. When high DC voltage is applied on the conductor inside the wall bushing, the distribution of the electrical field around the conductor can be asymmetric, uneven or aberrant. In some severe cases, flashover, side flashing or localized flashing may occur and cause damage to the equipment or reduce the reliability of the equipment's insulation. To prevent the electric equipment from the damages and to design reliable HVDC wall bushings for industrial applications, a comprehensive understanding of the effects of the voltage applied to the wall-bushing on the electric field intensity distribution is crucial. A systematic analysis with reliable numerical evaluation for the electric field of the HVDC wall bushings under high DC voltage is therefore in need.
In comparing with the analysis of the electric field generated by AC power, the analysis of HVDC's electric field is quite unique [2, 3] . This has been shown by many theoretical and numerical investigations [4, 5] . In calculating for the AC field with the conventional methods, the resistivity of the insulation materials is usually considered as a constant and is unaffected by the field intensity and independent of the external effects such as temperature and moisture. However, the resistivity of the insulation materials in the HVDC field of the electric equipment used in the industries is significantly affected by the field intensity, and the resistivity is also influenced by the temperature and moisture of the electric equipment's operation ambience. Moreover, the effects of these factors are usually highly nonlinear. Obviously, these effects must be taken into consideration in analyzing the HVDC field and, more importantly, in analyzing the effects of leaking current of the wall bushing in HVDC field. The conventional analytical techniques widely used in evaluating the AC field evolutions are therefore no longer valid for analytically solving such nonlinear problems existing in the electric field of HVDC wall bushing. Thus, one may have to turn to the other means of numerical analysis such as finite element methods.
The software packages specifically designed for evaluating the nonlinear electric field of the HVDC wall bushing are currently not available in the market. In the present research, a numerical model is developed with utilization of the Parameter Design Language of ANSYS (APDL) for the evaluation of the electric HVDC field. The numerical model developed has shown good convergence and provided reliable results.
Stable dc field analysis
To describe the electromagnetic field in space, Maxwell equation is widely employed [6] . In applying the Maxwell equation, the assumptions are usually made as that the dielectric material properties are not as significant as that of the conduction properties. The dielectric effects or the displacement current are negligible. For a stable DC field, the corresponding differential form of Maxwell equation can be expressed as the following.
and
where H designates the magnetic field intensity in amperes per meter, J represents the current density in amperes per square meter, and E is the electric field intensity in volts per meter or kilo volts per millimeter. Taking the divergence to Eq. (1), one may obtain the Kirchhoff's law as
This implies that the current density is divergence free for the field to be considered. Based on the condition shown in Eq. (2), electric field intensity is a curl free field. As such, a scalar potential function Φ which satisfies the following relation can be described by
Additionally, the vectorial form of Ohm's law can be expressed as the following
where σ is the conductivity. From Eqs. (3), (4) and (5), one may obtain
with the partial differential form as shown below
This is the governing equation of a constant electric field in a conductive medium. In this equation, σ( E) represents the conductivity and is usually a nonlinear function of electrical field intensity. This implies that the governing equation of the electric field is also nonlinear.
Energy functional corresponding to the governing equation of the electric field can be given as
Intensity of nonlinear electric field
Numerical model
The structure of the HVDC wall bushing studied in this research is illustrated in Figure  1 . A conductor bar is located at the center of the wall bushing which is covered by a fiberglass reinforced plastic (FRP) tube, which is also know as "glass steel" tube. A shield is located between the conductor bar and the fiberglass reinforced plastic tube as shown in the finite element (FE) model of Figure 1 . The shield is grounded. SF 6 insulation gas is filled in the space between the conductor bar and the fiberglass reinforced plastic tube to serve as the insulation required. A silicone rubber skirted bushing is installed outside of the fiberglass reinforced plastic tube. A high DC power voltage is applied on the conductor bar. In performing the numerical calculation of this research, a 500 kV DC power is used. For an accurate and reliable numerical assessment, the relationship between the resistivity of the wall bushing and the electric field intensity depends on the insulation materials and the relationship is nonlinear. For this research, the nonlinear relationship is represented by the following expressions on the basis of the previous investigations [2] .
where E is the electric field intensity with unit kV/mm, ρ siliconRubber , ρ SF 6 , ρ GlassSteel are the resistivities of the silicon rubber, SF 6 gas and fiberglass reinforced plastic, and ρ 01 , ρ 02 , ρ 03 are the estimated values of the resistivity at E = 0 kV/mm for the silicon rubber, SF 6 gas and fiberglass reinforced plastic, respectively. The values of ρ 01 , ρ 02 , and ρ 03 can be considered as constants if the temperature around the wall bushing is stable.
As the wall bushing is axle symmetric, the 3-D electrical field can be reasonably simplified as a 2-D axle symmetric field and the cylinder coordinates can be implemented as shown in Figure 1 . Assume that Φ = 0 or ∂Φ/∂n = 0 at the boundary of a proper distance apart from the conductor. Determination for the electric field of the wall bushing subjected to HVDC and the conditions stated above is therefore equivalent to solving for the equations in the following differential form:
This is to solve the following systems of finite element nonlinear equations, as required for performing a finite element analysis.
where [K] is an n × n matrix representing a system of nonlinear equations, [Φ] is an n × 1 matrix which represents the nodal electrical potential.
Iterative calculation for the nonlinear material
As described above, the exponential relationship between the resistivity and field intensity implies that the electrical field of HVDC wall bushing is highly nonlinear. Therefore, a proper numerical method needs to be employed to quantify the electric field. For this research, an iterative method is used to solve for the exponential relationship [7] . As indicated in [2] , simple iteration has some advantages over Newton-Raphson iteration in terms of the selection of initial values and the speed of calculation. Therefore, the simple iteration is utilized in the actual numerical simulation of this research. Because the field intensity E is the key parameter to be considered in this research, E is selected as the objective of convergence criterion. Considering the independence of the convergence criterion, one may take the maximum variation rate of E of each element as the criterion. Mathematically, this implies,
where m designates the cycles of iteration; N is the number of elements to be meshed; EP max is the maximum field intensity of a specified element in the electric field meshed. ANSYS is a powerful finite element analysis software package which has been widely implemented in the research institutes and industries for numerical assessments and analyses. ANSYS is also known as a convenient analytical tool for electric field evaluations. However, the numerical evaluation with ANSYS is mainly for linear cases. For the nonlinear electric field of the wall bushing investigated in the present research, modifications on the existing ANSYS package is necessary. The ANSYS Parametric Design Language (APDL) is used to model the nonlinear electric field of the wall bushing defined and quantify the electric field, on the basis of the iteration results obtained. The major specialties utilized in the programming with APDL include: repeating command, macro, if-then-else, do-loop, scalar quantity, vector, and matrix operator. The numerical model such designed provides not only a foundation of design optimization and self-adapting meshing but also the conveniences of numerical calculations.
The difficulty found in the analysis of the electric field is the variation of the electric properties in the space of the wall bushing. In performing linear calculations, ANSYS globally sets the material properties and the field intensity as well as the system parametric values as constants. For the present research, however, the field intensity is not constant in the field space due to the exponential relationship between the resistivity and field intensity. The electric intensity in the field is different from point to point, i.e., the electric intensity of a point in the space is a function of space coordinates of the point. Moreover, the resistivity is also different from element to element. In this research, the data groups of the field intensity E calculated with the iteration for each element is saved separately. Thus, these data can be used for determining the resistivity of each element mashed for the finite element analysis, on the basis of the nonlinear function of the conducting rate as shown in Eqs. (7) and (8). Emodify command of ANSYS is further employed to apply the resistivity of the elements as the material properties for the next iteration cycle. As such, the difficulty of non-uniformly distributed electric properties is solved.
With the system parameters specified, the iteration is convergent after 9 cycles. Figure  2 and Figure 3 show the lines with equal electrical potential namely isopotential lines in the beginning of the iteration and at the end of the convergence. It can be seen from the figures that the isopotential lines show considerable deviations between the electric fields before and after the convergence. It can be seen from the figure after convergence; the isopotential lines have obvious declination after they pass through the silicone rubber and fiberglass tube. This implies that there exists leaking current in the silicon rubber and fiberglass tube. This leads to an electric potential drop. Figure 4 illustrates the electric field distribution on the surface of the silicon rubber bushing which shows the shape of the skirted bushing. DIST in the figure stands for the distance. In fact, the numerical values of the electric intensity for each of the points over the surface of skirted bushing can be quantitatively determined via the numerical calculations to be performed with the utilization of the model established. As can be seen from Figure 4 , the nonlinear distribution of the electric intensity on the surface of the skirted bushing is evident. The results obtained are significant to the design of the industrial HVDC wall bushings. The maximum value of electric field intensity calculated is 2.366 kV/mm located at the point along the out surface of the skirted bushing with a distance of 1.536 m, with the specified system parameters. In performing the numerical analysis, the number of the elements meshed is 12547 and the node calculated is 12437. The accuracy of the calculation on electric field intensity can be controlled to the range desired by the engineering applications. In general, calculations of higher accuracy require finer meshing which demands longer time of computation in performing the numerical simulation for the electric field.
Conclusive remarks
In analyzing the electric field of a HVDC wall bushing with the conventional analytical and numerical approaches, the electric field is usually considered as a linear electric filed. In reality, however, the electric field is nonlinear and the quantification of the nonlinear Fig. 3 The isopotential lines at the end of iteration.
electric field is difficult in comparing with that utilizing the conventional approaches. A new numerical approach is developed in the present research. This approach has shown reliability and efficiency in quantifying the electric field intensity for a wall bushing subjected to high voltage direct current.
Nonlinear relationship between the resistivities of the insulation components of the wall bushing and the electric field intensity is considered in assessing the electric field of the wall bushing. It should be noted that this relationship is related to the insulation material. Different insulation material will result in a different relationship, which is usually provided by the insulation material manufacturers. The numerical approach established in the present research is valid for the evaluation of the electric field of the HVDC wall bushing, so long as the relationship is provided. With the approach established, it is found that there exists leaking current in the silicon rubber and fiberglass tube subjected to HVDC. This would not be found if direct linear numerical analysis is implemented.
In numerically assessing the electric field of the wall bushing, a technique utilizing numerical iteration for each element is introduced. This technique solves the difficulty of non-uniformly distribution of the electric properties and provides the availability for the consequent quantifications of the resistivity of each element mashed for the finite element analysis. Variation of the materials properties can also be taken into consideration with this approach.
In the numerical computation for the nonlinear electric field of the wall bushing, the model established has shown good convergence and high efficiency. The electric intensity is used as the objective of convergence criterion. Considering the independence of the convergence criterion, the maximum variation rate of E of each element can be taken as the criterion.
Wall bushings subjected to High Voltage Direct Current (HVDC) is one of the core components of major electric power equipment. The methodology presented in the research provides a new approach for designing and manufacturing the HVDC wall bushing.
